In such l o w -v e l o c i t y c o l l i s i o n s , the r e l a t i v e nuclear motion between c o l l i s i o n partners i s slow compared t o the o r b i t a l motion o f the a c t i v e e l e c t r o n s o f t h e system.
Electrons o f t h e temporary quasi-molecule formed i n the c o l l i s i o n have s u f f i c i e n t time t o a d j u s t t o the changing i n t e r a t o m i c f i e l d as the nuclei approach and separate.
Coupled s t a t i o n a r y -s t a t e c a l c u l a t i o n s / 1 , 2 / , w h i l e successful a t higher energies, do n o t necessarily g i v e consistent p r e d i c t i o n s a t lower energies.
I n such c a l c u l a t i o n s , t h e i n t e r n u c l e a r motion has g e n e r a l l y been t r e a t e d c l a s s i c a l l y .
I t would seem t h a t f u l l quantal c a l c u l a t i o n s 13-51 may be required f o r accurate p r e d i c t i o n s a t the lowest energies, b u t such methods have remained u n t i l r e c e n t l y /6,71 e s s e n t i a l l y untested. At these low energies t h e r e has been speculation 13,8/ t h a t the ion-induced d i p o l e a t t r a c t i o n between the reactants may cause o r b i t i n g t r a j e c t o r i e s 191.
Cross sections due t o t h i s process -are p r e d i c t e d c l a s s i c a l l y t o have a l l v dependence a t lower energies.
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Cl-8 JOURNAL DE PHYSIQUE
Most o f the experimental work on such c o l l i s i o n processes has been based on ion-beam gas-target methods, which have g e n e r a l l y been l i m i t e d t o energies above 100 eV/amu. Some experiments a t lower energies have heen performed by Phaneuf e t a l . I 1 0 1 using a pulsedlaser-produced plasma as a source o f slow m u l t i p l y charged ions.
I n t h e 10 t o 100 eV/amu energy regime they found t h a t f o r few-electron systems t h e r e e x i s t s no simple s c a l i n g o f the cross sections w i t h charge o r v e l o c i t y , so t h a t each system must be i n v e s t i g a t e d separately. The strong i n f l u e n c e o f t h e i o n i c core has been seen i n t h e o r e t i c a l c a l c u l a t i o n s /11,12/ and measurements 1131 o f substate d i s t r i b u t i o n s a t energies l e s s than a few keV1amu.
To address t h e need f o r experimental measurements i n t h i s energy range, an ion-atom mergedbeam apparatus has been developed /6/ a t Oak Ridge National Laboratory t o measure absolute t o t a l e l e c t r o n capture cross sections f o r multicharged ions c o l l i d i n g w i t h atomi'c hydrogen i n t h e energy range o f 1 t o 1000 eV/amu.
-EXPERIMENTAL
The merged-beam method i s w e l l s u i t e d f o r such measurements i n t h i s energy range. D e t a i l s are presented i n r e f . 6. I n t h i s technique, beams o f n e u t r a l atoms and multicharged ions each having l a b o r a t o r y energies i n the keV range a r e merged, r e s u l t i n g i n a r e l a t i v e v e l o c i t y o f the two beams t h a t can be "tuned" over a l a r g e range. The r e l a t i v e energy i n the center-ofmass frame i s given by
where E i and mi denote the energy and mass o f each beam, and 0 i s t h e i r angle o f intersect i o n . For p e r f e c t l y c o l l i n e a r beams, 8=0 and Erel can be made zero f o r Ellml=Eplm2. The multicharged i o n beam Xq+ i s merged e l e c t r o s t a t i c a l l y w i t h a n e u t r a l H o r D beam. The merged beams i n t e r a c t i n a f i e l df r e e region f o r a distance o f 80.8 cm, a f t e r which the primary beams a r e magnetically separated from each o t h e r and from the product o r " s i g n a l " H(D)+ ions.
The ~( 4 -1 ) + product o f the r e a c t i o n i s n o t measured separately, b u t i s c o l l e c t e d together w i t h t h e primary Xq+ i n a l a r g e Faraday cup.
The n e u t r a l beam i n t e n s i t y i s measured by secondary-electron emission from a s t a i n l e s s s t e e l p l a t e , and the s i g n a l H+ o r D+ ions are recorded by a channel e l e c t r o n m u l t i p l i e r (CEM) operated i n pulse-counting mode.
A pure ground-state beam o f H o r D atoms i s produced by passing a 6-9 keV beam o f H-o r D-ions through t h e o p t i c a l c a v i t y o f a 1.06-pm Nd:YAG laser, where up t o 600 W o f continuous power c i r c u l a t e s and t y p i c a l l y 0.5% o f the negative ions undergo photodetachment.
A n e a r l y p a r a l l e l beam o f H(D) atoms i s produced i n the merge-path w i t h a diameter o f 2-4 mn FWHM and an i n t e n s i t y o f 10-20 ( p a r t i c l e ) na. I t i s clear from the f i g u r e t h a t a wide range o f r e l a t i v e energies i s obtainable w i t h t h i s apparatus. As i s shown i n the f i g u r e , an i n t e r a c t i o n energy o f 100 eV1amu may be obtained several d i f f e r e n t ways: D f a s t e r , D slower, and H f a s t e r than t h e 05+ beam. These d i f f e r e n t l a b o r a t o r y condit i o n s provide important d i a g n o s t i c checks on the measurements.
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'CHANNEL ELECTRON MULTIPLIER 
n t e r s e c t i o n s o f the h o r izontal l i n e a t 100 eV/amu w i t h t h e d i f f e r e n t H(D) curves i l l u s t r a t e t h a t several d i f f e r e n t l a b o r a t o r y c o n d i t i o n s can be used t o measure t h e cross s e c t i o n a t a given Erel.
An important advantage o f the merged-beam technique i s t h e l a r g e d e a m p l i f i c a t i o n o f the interaction-energy u n c e r t a i n t y r e s u l t i n g from the energy u n c e r t a i n t i e s i n the primary beams. I n Fig. 2 , t h e slope o f the curves i s j u s t AEre1/AE2, where AE2 i s the energy u n c e r t a i n t y i n t h e 05+ beam. As Erel decreases, t h e slope decreases, reducing the u n c e r t a i n t y i n Erel. For an estimated u n c e r t a i n t y o f 10 eV i n the n e u t r a l beam energy and 100 eV i n the 05+ beam energy, the estimated u n c e r t a i n t y due t o each beam i s l e s s than 1 eV1amu a t Ere] = 100 eV1amu and 0.1 eV/amu a t Erel = 1.0 eV1amu.
Another advantage o f t h e merged-beam technique i n low-energy measurements i s the p o t e n t i a l l y l a r g e angular c o l l e c t i o n o f the r e a c t i o n products. The low energy e l e c t r o n capture c o l l isions under study a r e exoergic, and, since both products a r e p o s i t i v e l y charged, they can undergo s i g n i f i c a n t angular s c a t t e r i n g i n the center-of-mass frame 1141.
I n t h i s respect t h e merged-beam technique i s i d e a l since t h e angular s c a t t e r i n g i n the center-of-mass frame becomes s i g n i f i c a n t l y compressed i n the l a b o r a t o r y frame, i n which t h e product ions are collected.
The apparatus was designed t o have as l a r g e an angular c o l l e c t i o n as possible. An average angular c o l l e c t i o n i n the l a b o r a t o r y frame along the 80.8 cm merge path was determined by d e t a i l e d t r a j e c t o r y c a l c u l a t i o n s I 6 1 t o be 1.8' .
The r e s u l t a n t angular c o l l e c t i o n i n t h e center-of-mass frame i s shown i n Fig. 3 .
Note t h a t f o r measurements performed w i t h a 9 keV D beam a t an Erel = 1 eV/amu product t r a j e c t o r i e s w i t h up t o 90' s c a t t e r i n g i n the center-of-mass frame a r e collected. 
Electron-capture cross sections are determined by measuring the r a t e o f H+(D+) product ions produced by t h e beam-beam i n t e r a c t i o n over the merged length L. The cross-section value i s c a l c u l a t e d a t each v e l o c i t y from the d i r e c t l y measurable q u a n t i t i e s through the equation
The estimated angular c o l l e c t i o n o f t h e r e a c t i o n products i n the center-of-mass frame as a f u n c t i o n o f Erel f o r measurements performed w i t h a 6 keV H, 8 kev D, and a 9 keV D neutral beam.
where R, 11, and I 2 correspond t o the measured count r a t e , e f f e c t i v e current produced by n e u t r a l p a r t i c l e s , and 05+ current, respectively.
The t r u e n e u t r a l "current" i s given by I~/ Y , Y being the measured e f f e c t i v e secondary-electron emission c o e f f i c i e n t f o r the neutralp a r t i c l e detector.
The q u a n t i t y q i s the charge s t a t e o f the i n c i d e n t ion, e i s the elect r o n i c charge, and v, i s the r e l a t i v e v e l o c i t y o f the two beams, t r a v e l i n g a t v e l o c i t i e s v1 and v2. <F> i s t h e e f f e c t i v e form f a c t o r 161 and i s a measure o f the s p a t i a l overlap o f the two beams along the merged path L.
To o b t a i n a value f o r <F>, t h e beam-beam overlap i s measured i n two dimensions a t f o u r d i ff e r e n t l o c a t i o n s along t h e merged path. Measurements were performed by two mechanical k n i f eedge scanners and two r o t a t i n g -w
For t y p i c a l operating conditions a t an i n t e r a c t i o n energy o f 25 eVlamu f o r 05+ + D, the s i g n a l r a t e , R, i s t y p i c a l l y 100 Hz and must be detected i n the presence o f a background o f 6 kHz. This background i s due t o the n e u t r a l beam s t r i p p i n g on background gas. Therefore, vacuum i n the merge section had t o be maintained as low as possible, t y p i c a l l y 1-2 X 10-l0 T o r r w i t h beams. To separate the s i g n a l from the background, a two-beam modulation scheme 161 was used. Since t h e s i g n a l r a t e produced by the beam-beam i n t e r a c t i o n i s p r o p o r t i o n a l t o the r e l a t i v e v e l o c i t y o f the beams ( f o r a constant cross section), t h e signal-to-background r a t i o determined t h e lowest energies a t which measurements could be made. I f the cross section, i n f a c t , a l s o decreases w i t h decreasing energy, measurements become more d i f f i c u l t a t lower energies.
The lower-energy l i m i t imposed by the apparatus i t s e l f i s approximately 0.2 eV/amu, and i s a consequence o f the f i n i t e angular divergence o f t h e i n t e r a c t i n g beams.

-CROSS-SECTION MEASUREMENTS
The merged-beam apparatus has been used /6,7/ t o measure t o t a l e l e c t r o n capture cross sect i o n s f o r 05+ and N3+,4+l5+ c o l l i d i n g w i t h ground s t a t e H(0) i n t h e energy range <1.0 eV/amu t o 21500 eV/amu.
The measurements f o r 05+ and N5+ a r e compared t o o t h e r measurements and theory i n Figs. 4 and 5, respectively.
The e r r o r bars shown denote t h e -r e l a t i v e uncertainty estimated a t a 90% confidence l e v e l . The t o t a l absolute u n c e r t a i n t y i s i n d i c a t e d by extended e r r o r bars on a few p o i n t s i n Fig. 4 .
For a l l systems studied t h e measurements were performed a t s u f f i c i e n t l y high Erel t o overlap w i t h e x i s t i n g experimental measurements. Agreement w i t h previous measurements i s shown t o be good, e s p e c i a l l y i n the 05+ System (see Fig. 4 ) where low-energy measurements by Phaneuf e t a l . / l 0 1 extend down t o 80 eV/amu and, thereby, provide an extended range o f comparison. These measurements were performed w i t h a l a s e r -i o n source and a hydrogen oven as target.
I n t h i s energy range there a r e also two unpublished data p o i n t s by Meyer e t al., measured w i t h the ORNL-ECR i o n source and the same hydrogen oven (see r e f . 15).
The 05+ and the N4+ ions a r e L i -l i k e and, therefore, f r e e o f metastables, a l l o w i n g
measurements w i t h these ions t o be d i r e c t l y compared w i t h t h e o r e t i c a l c a l c u l a t i o n s where they e x i s t .
For t h e 05+ system t h e r e i s good agreement w i t h the unpublished f u l l quantal t h e o r e t i c a l c a l c u l a t i o n s o f Bottcher and H e i l (see r e f . 3) which include capture t o the n=4 molecular C and Il s t a t e s f o r the 04+ + H+ system. However, t h e measured cross s e c t i o n unexpectedly decreased when the measurements were extended below 10 eV/amu. This decrease i s i n contrad i c t i o n t o the energy behavior shown i n the f u l l quantal c a l c u l a t i o n s o f Gargaud and McCarroll 1161 which p r e d i c t an increase i n as4 as Erel decreases.
A t f i r s t t h i s observed decrease was thought t o be dae t o a l o s s o f c o l l e c t e d signal as a r e s u l t o f l a r g e angular s c a t t e r i n g o f the products. The angular c o l l e c t i o n o f the apparatus i n t h i s energy range i s less than 90' (See Fig. 3) . However, data taken under d i f f e r i n g l a b o r a t o r y conditions w i t h s i g n i f i c a n t l y d 4 f f e r e n t angular c o l l e c t i o n i n t h e center-of-mass frame (see Fig. 6 ) show the same energy dependence, leading us t o conclude t h a t the angular c o l l e c t i o n o f products i s s u f f i c i e n t . 
Comparison o f merged-beams data f o r e l e c t r o n capture i n 05+ + H c o l l i s i o n s w i t h previous measurements and theory. S e l e c t data a r e presented w i t h i n n e r and outer e r r o r bars
denoting r e l a t i v e and estimated t o t a l experimental u n c e r t a i n t i e s estimated a t a 90% confidence l e v e l . The energy u n c e r t a i n t y i s denoted by a h o r i z o n t a l bar a t the lowest energy, where t h e u n c e r t a i n t y i s r e l a t i v e l y t h e largest. There i s considerable s c a t t e r i n t h e data t h a t i s believed t o be p r i m a r i l y due t o the short term i n s t a b i l i t i e s o f the N5+ beam produced by t h e i o n source. Comparing the N5+ measurements t o the 05+ measurements, one sees t h a t even though the c a l c u l a t i o n s p r e d i c t the same general t r e n d w i t h energy f o r both systems, the measured cross sections are q u i t e d i f f e r e n t . A schematic representation o f t h e d i a b a t i c p o t e n t i a l energy curves f o r t h e 05+ + H c o l l i s i o n system i s presented i n Fig. 7 , showing the approximate crossing distances o f several product channels w i t h the i n c i d e n t channel.
Inspection o f the energy dependence of Gargaudls 4s and 4p p a r t i a l cross-section c a l c u l a t i o n 1161 shows t h a t the decrease observed i n t h e experimental data f o l l o w s t h e c a l c u l a t e d energy dependence f o r the 4s cross section. The 4p c o n t r i b u t i o n t o t h e c a l c u l a t e d cross section, which i s dominant a t t h e lower energies, lacks the c o r r e c t energy dependence t o account f o r t h e experimental data.
I n the next s e c t i o n t h e Landau-Zener mpdel w i l l be used t o q u a l i t a t i v e l y i n v e s t i g a t e the dynamics o f e l e c t r o n capture a t low energies, i.e., t o i n v e s t i g a t e the r o l e o f t r a j e c t o r y e f f e c t s due t o the ion-induced d i p o l e on the e l e c t r o n capture cross section.
I d e n t i f i c a t i o n o f f i n a l s t a t e s i s sought whose cross section i s enhanced by the ion-induced d i p o l e a t t r a ct i o n , leading t o an energy dependence s i m i l a r t o t h a t observed. 
t i o n s f o r c a p t u r e i n t o t h e lsZ2s4s and ls22p3s s t a t e s o f O4+. C l a s s i c a l t r a j e c t o r i e s were used which i n c l u d e d e f f e c t s due t o t h e ioninduced d i p o l e p o t e n t i a l .
F o r c a p t u r e t o t h e ls22p3s s t a t e , t h e Landau-Zener c a l c u l a t i o n s w i t h s t r a i g h t l i n e t r a j e c t o r i e s a r e a l s o shown.
where PI,. . .p4 a r e t h e Landau-Zener p r o b a b i l i t i e s [Eq. ( 4 ) ] f o r t h e p a r t i c i p a t i n g 4s,4p,4d, and 2p3s p r o d u c t s t a t e s , r e s p e c t i v e l y .
I n t e g r a t i o n o f t h i s t r a n s i t i o n p r o b a b i l i t y over impact parameters [see Eq. ( 3 ) ] l e a d s t o an almost n e g l i g i b l e c o n t r i b u t i o n t o t h e t o t a l cross s e c t i o n below 1 eV/amu. However, o u r t r e a t m e n t here i s o n l y an approximation t o a more a p p r o p r i a t e coupled m o l e c u l a r s t a t e c a l c u l a t i o n , where d e t a i l s o f t h e i o n i c core a r e included.
-SUMMARY
The merged-beam apparatus has been used t o measure a b s o l u t e t o t a l e l e c t r o n capture f o r several m u l t i c h a r g e d i o n s c o l l i d i n g w i t h ground s t a t e H over t h r e e decades o f energy, from l e s s than 1 eV/amu t o o v e r 1000 eV/amu. These systems p r o v i d e benchmarks t o compare w i t h p r e v i o u s measurements and t h e o r y where o v e r l a p e x i s t s .
A discrepancy between t h e o r y and measurements e x i s t s f o r t h e 05+ + H(D) a t low energies. To i d e n t i f y p o s s i b l e f i n a l s t a t e s which e x h i b i t t h e observed energy dependence, a Landau-Zener c a l c u l a t i o n was performed which i n c o r p o r a t e s t h e ion-induced d i p o l e a t t r a c t i o n between t h e r e a c t a n t s . I t was found t h a t the f i n a l s t a t e ls22p3s o f 04+, which i n c l u d e s c a p t u r e p l u s e x c i t a t i o n , e x h i b i t s t h e observed energy dependence i f competing channels a r e ignored, and t h a t t h i s channel i s s t r o n g l y i n f l u e n c e d b y t h e a t t r a c t i v e p o t e n t i a l . However, t o assess t h e r e l a t i v e c o n t r i b u t i o n o f t h i s channel t o t h e t o t a l c r o s s s e c t i o n , comprehensive c o u p l e d -s t a t e c a l c u l a t i o n s w i l l be r e q u i red.
